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►  Li2MnSi04/C  nanocomposite  is 
synthesized  by  a  facile  solid-state 
reaction. 

►  The  typical  size  of  Li2MnSi04  nano¬ 
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►  The  nanocomposite  exhibits 
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The  Li2MnSi04/C  nanocomposite  has  been  successfully  synthesized  at  a  relatively  low  temperature  of 
650  °C  by  a  facile  solid-state  reaction  using  citric  acid  as  the  carbon  source.  The  highly  crystalline  Li2MnSi04 
nanoparticles  in  the  size  of  20—50  nm  are  coated  by  a  uniform  carbon  layer  in  a  thickness  of  2—5  nm.  At  a 
rate  of  0.05  C,  the  Li2MnSi04/C  nanocomposite  exhibits  a  discharge  specific  capacity  as  high  as  268  mAh  g-1 
for  the  first  cycle  and  a  reversible  capacity  of  about  136  mAh  g-1  after  140  cycles  at  room  temperature. 
Meanwhile,  an  improved  rate  performance  is  achieved  by  the  Li2MnSi04/C  nanocomposite.  These  superior 
electrochemical  properties  could  be  attributed  to  the  nanoscale  particle  size  and  the  enhanced  electronic 
conductivity. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  transition  metal  silicates,  L^MSiCH  (M  =  Fe,  Mn  and  Co), 
have  recently  attracted  a  lot  of  interests  as  cathodes  for  lithium-ion 
batteries  due  to  their  high  theoretical  capacities  (>300  mAh  g-1) 
and  good  thermal  stability  from  strong  Si-0  bonding  [1—3].  Among 
these  orthosilicates,  Li2MnSi04  has  been  highlighted  because  of  its 
low  cost,  environmentally  benign  and  high  theoretical  capacity  [4]. 


*  Corresponding  author.  Tel./fax:  +86  531  88364489. 

E-mail  address:  yangjian@sdu.edu.cn  (J.  Yang). 

0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2012.12.071 


Moreover,  Li2MnSi04  shows  a  relatively  high  cell  voltage  originated 
from  Mn2+/Mn4+  redox  couple,  resulting  in  a  much  higher  theo¬ 
retical  energy  density  than  that  of  LiFePCU  [5—8].  However,  similar 
to  most  polyanionic  materials,  L^MnSiCH  suffers  from  a  slow 
lithium-ion  diffusion  rate  and  an  extremely  low  electronic 
conductivity  (5  x  10-16  S  cm-1)  [9].  Hence,  the  electrochemical 
performance  of  L^MnSiCH  is  far  away  to  be  satisfied.  For  instance, 
Li2MnSi04  synthesized  through  a  modified  Pechini  sol— gel  tech¬ 
nique  [2]  only  showed  the  intercalation  of  0.6  mol  Li  per  formula 
unit  ( ~  100  mAh  g-1)  in  the  first  cycle  at  a  rate  of  C/30.  Further¬ 
more,  this  capacity  quickly  decreased  to  ~50  mAh  g1  after 
5  cycles. 
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One  strategy  for  the  better  electronic  and  lithium-ion  transport 
kinetics  is  to  reduce  the  particle  size  to  the  order  of  nanometer, 
which  means  the  drastically  shortened  diffusion  length.  So, 
Li2MnSi04  nanoparticles  have  been  synthesized  by  various 
approaches,  such  as  microwave  solvothermal  synthesis,  supercrit¬ 
ical  solvothermal  method,  hydrothermal  process,  and  sol-gel 
technique  [10-14].  But  many  problems  have  been  encountered  in 
these  liquid-based  methods  for  massive  production  of  high-quality 
Li2MnSi04,  due  to  the  poor  crystallinity,  expensive  equipments  and 
complicated  operation  steps.  These  challenges  could  be  addressed 
by  solid-state  reactions. 

Surface  coating  of  carbon  as  a  conductive  layer  on  Li2MnSi04  has 
been  regarded  as  another  effective  strategy  to  improve  its  elec¬ 
trochemical  properties.  Li  et  al.  [15]  developed  a  solution-based 
reflux  process  to  synthesize  the  Li2MnSi04/C  nanocomposite 
using  sucrose  as  the  carbon  source.  The  as-obtained  Li2MnSi04/C 
nanocomposite  showed  the  intercalation/deintercalation  of  more 
than  one  lithium  ion  per  formula  unit  for  the  first  time  in  the  initial 
few  cycles  (about  1.25  reversible  Li  in  the  first  cycle,  209  mAh  g-1) 
at  a  low  current  density  of  5  mA  g-1,  but  the  capacity  quickly  faded 
within  10  cycles.  Aravindan  et  al.  [10]  reported  a  sol-gel  process  for 
Li2MnSi04 /C  nanoparticles  using  adipic  acid  as  the  carbon  source. 
At  the  rate  of  C/20,  the  Li2MnSi04/C  nanoparticles  exhibited  an 
initial  discharge  capacity  of  161  mAh  g-1  and  delivered  a  stable 
discharge  capacity  of  115  mAh  g'1  up  to  50  cycles.  Aravindan  et  al. 
[6]  also  tested  the  influence  of  a  large  quantity  of  carbon  on  the 
electrochemical  properties  of  Li2MnSi04.  It  was  found  that  the 
electrode  with  42%  ketjen  black  gave  the  best  electrochemical 
performance.  The  Li2MnSi04/C  composite  synthesized  by  a  solid- 
state  reaction  delivered  an  initial  discharge  capacity  of 
160  mAh  g_1  at  a  rate  of  C/20,  and  a  stable  discharge  capacity  of 
about  140  mAh  g-1  after  40  cycles.  Despite  the  significant  prog¬ 
resses  have  been  made  in  the  past  years,  the  long-term  cycling 
performance  of  Li2MnSi04  has  not  been  explored  before,  to  the  best 
of  our  knowledge. 

In  this  work,  a  Li2MnSi04/C  nanocomposite  has  been  success¬ 
fully  synthesized  by  a  solid-state  reaction  using  citric  acid  as  the 
carbon  source.  Citric  acid  is  selected  as  the  carbon  source,  because 
its  decomposition  could  produce  a  carbon  layer  with  a  good  elec¬ 
tronic  conductivity  [16,17].  Although  citric  acid  was  ever  used  in  the 
sol-gel  synthesis  of  Li2MnSi04  as  the  gelating  agent  and  the  carbon 
source  [2,18-20],  it  has  never  been  used  in  the  solid-state  synthesis 
of  Li2MnSi04.  The  obtained  Li2MnSi04/C  nanocomposite  is  charac¬ 
terized  by  XRD  pattern,  SEM,  TEM,  and  HRTEM  images.  At  room 
temperature,  the  Li2MnSi04/C  cathode  realizes  a  superior  cycling 
performance  with  a  discharge  capacity  of  136  mAh  g_1  after  140 
cycles  at  a  rate  of  0.05  C.  To  the  best  of  our  knowledge,  this  is  the 
longest  cycle  life  for  Li2MnSi04-based  electrodes  to  date,  and  this 
method  is  likely  to  be  applied  for  industrial  production. 


2.  Experimental  methods 

2.1.  Preparation  of  the  L^MnSiO^C  nanocomposite 

The  Li2MnSi04/C  nanocomposite  was  synthesized  from  a  solid- 
state  reaction.  In  a  typical  synthesis,  2.1525  g  of  LiOH  H20 
(aladdin,  AR)  was  dissolved  in  a  minimal  amount  of  deionized 
water.  Then,  2.0125  g  of  citric  acid,  1.5  g  of  Si02  (cabosil  M5)  and 
6.125  g  of  Mn(CH3C00)2-4H20  (aladdin,  AR)  were  added  into  the 
solution  of  LiOH.  The  obtained  slurry  was  ball-milled  and  then 
dried  in  an  oven  at  80  °C,  producing  a  brown  precursor.  The 
precursor  was  heated  to  350  °C  for  1  h  and  then  at  650  °C  for  10  h 
under  a  flow  of  H2(5%)/Ar(95%).  The  final  black  powder  was 
collected  for  structure  characterization  and  electrochemical 


measurements.  In  order  to  clarify  the  role  of  citric  acid  on  the 
product,  the  similar  processes  were  applied  for  Li2MnSi04. 

2.2.  Physical  characterization 

Thermal  gravimetric-differential  scanning  calorimetry  (TG-DSC) 
analysis  for  the  precursor  was  conducted  on  a  Mettler  Toledo 
TGA/SDTA851  thermal  analyzer  under  nitrogen  atmosphere.  Powder 
X-ray  diffraction  (XRD)  patterns  were  collected  with  a  Bruker 
D8  Advance  diffractometer  using  Cu  Ka  radiation.  The  particle 
morphology  was  observed  by  scanning  electron  microscopy  (SEM, 
JEOLJSM-7600F),  transmission  electron  microscopy  (TEM,  JEM-1011 ) 
and  high  resolution  transmission  electron  microscopy  (HRTEM, 
JEOL-2100). 

2.3.  Electrochemical  measurements 

The  electrochemical  performance  of  the  two  samples  was  char¬ 
acterized  by  coin-type  cells  (CR  2032)  with  lithium  metal  as  the 
counter  electrode.  The  slurry  composed  of  50  wt.%  host  material, 
40  wt.%  carbon  black  and  10  wt.%  polyvinylidene  fluoride  (PVDF) 
dispersed  in  N-methylpyrrolidinone  (NMP)  was  coated  on  an  Al  foil 
and  dried  at  80  °C  under  vacuum.  The  resulting  film  with  the  loading 
of  host  material  at  2-5  mg  cm-2  was  pressed,  punched  into  the  discs 
with  a  diameter  of  14  mm  and  used  as  the  cathode.  Celgard  2300  was 
used  as  a  separator.  The  electrolyte  was  1  M  LiPF6  in  a  mixture  of 
ethylene  carbonate  (EC),  diethyl  carbonate  (DEC)  and  ethyl  methyl 
carbonate  (EMC)  (1:1:1  volume).  All  cells  were  assembled  in  an 
argon-filled  glove  box  and  tested  at  room  temperature  over  the 
voltage  range  1.5— 4.8  V.  Electrochemical  impedance  spectroscopy 
(EIS)  was  carried  out  on  an  electrochemical  workstation  (Materials 
Mates  510,  Italia)  in  the  frequency  range  from  0.1  MHz  to  0.01  Hz. 
1  C  =  330  mA  g-1. 

3.  Results  and  discussion 

TG  and  DSC  analysis  are  conducted  to  give  an  appropriate 
reaction  temperature  for  Li2MnSi04/C  from  the  precursor.  As  shown 
in  Fig.  1,  the  weight  loss  of  the  precursor  mainly  happens  before 
500  °C.  The  small  weight  loss  from  40  to  230  °C  is  probably  due  to 
the  elimination  of  the  absorbed  water  and  the  crystal  water.  The 
huge  weight  loss  can  be  associated  with  the  reaction  of  citric  acid, 
Si02,  Mn(CH3COO)2  and  LiOH  at  a  high  temperature.  In  order  to 
make  sure  the  complete  reaction,  the  reaction  temperature  for 
Li2MnSi04  is  set  at  650  °C. 


Fig.  1.  TG-DSC  curves  for  the  precursor  recorded  from  40  to  1000  °C  at  a  heating  rate  of 
10  °C  min-1  under  nitrogen  atmosphere. 
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Fig.  2.  XRD  pattern  of  the  Li2MnSi04/C  nanocomposite  synthesized  at  650  °C. 


Fig.  2  displays  the  XRD  pattern  of  the  prepared  L^MnSiCU/C 
composite  treated  at  650  °C.  The  main  peaks  are  assigned  to  the 
orthorhombic  L^MnSiCU  with  a  space  group  of  Pmn2i  [21,22],  the 
most  stable  structure  for  Li2MnSi04  [23].  However,  the  diffraction 
peaks  of  carbon  are  not  observed,  due  to  the  low  proportion  in 
the  product.  Some  peaks  from  MnO  are  presented  in  the  diffrac¬ 
tion  pattern,  which  has  been  also  reported  in  many  literature 
[2,5-10,21,22]. 

The  SEM  image  of  the  prepared  L^MnSiCU/C  nanocomposite 
(Fig.  3A)  shows  a  large  number  of  agglomerated  nanoparticles. 
In  order  to  identify  the  size  and  shape  of  the  nanoparticles,  the 
TEM  images  are  acquired  to  give  a  close  view  on  them.  As  shown 
in  Fig.  3B,  the  typical  size  of  the  nanoparticles  is  in  the  range  of 
20-50  nm,  comparable  to  those  of  the  nanoparticles  obtained  by 
the  solution-based  synthesis  like  sol-gel  processes  [19,22]  or 


solvothermal  methods  [12,14].  This  size  is  much  smaller  than  that 
of  Li2MnSi04 /C  powder  also  prepared  by  solid-state  reaction 
(~1  pm)  [24].  This  result  can  be  attributed  to  the  low  reaction 
temperature  in  our  case.  The  successful  carbon  coating  on 
Li2MnSi04  nanoparticles  is  evidenced  by  HRTEM  images,  as  shown 
in  Fig.  3C  and  D.  It  is  found  that  the  carbon  layer  is  well  coated  on 
the  surface  of  highly  crystalline  Li2MnSi04  nanoparticles  in 
a  thickness  of  2—5  nm.  Since  the  carbon  layer  is  in-situ  formed  by 
the  pyrolysis  of  citric  acid,  it  also  effectively  inhibits  the  growth  of 
Li2MnSi04  nanoparticles.  The  nanoscale  size  of  L^MnSiCU  shortens 
the  pathways  for  rapid  electronic  and  lithium-ion  transfer.  The 
conductive  carbon  coating  connects  the  neighboring  nano¬ 
particles,  providing  highly  conductive  channels  for  electron 
mobility  between  contiguous  Li2MnSi04  nanoparticles  [14]. 

Galvanostatic  charge  and  discharge  measurements  of  the 
Li2MnSi04/C  nanocomposite  are  carried  out  to  reveal  its  perfor¬ 
mance  as  a  cathode  of  lithium-ion  batteries.  Meanwhile,  the  elec¬ 
trochemical  performance  of  the  pristine  Li2MnSi04  is  also  tested  for 
a  comparison.  It  should  be  pointed  out  that  the  charge/discharge 
capacities  of  the  nanocomposite  are  derived  from  the  mass  of 
Li2MnSi04 /C.  Fig.  4A  presents  the  typical  charge/discharge  curves  of 
the  L^MnSiCU/C  nanocomposite  and  the  pristine  L^MnSiCU  at 
a  rate  of  0.05  C  during  the  initial  5  cycles.  The  L^MnSiCU/C  nano¬ 
composite  shows  a  very  high  charge  capacity  during  the  1  st  cycle, 
far  beyond  the  theoretical  capacity  of  L^MnSiCU  at  333  mAh  g-1. 
Then,  the  initial  discharge  capacity  of  L^MnSiCH/C  quickly  drops  to 
268  mAh  g_1,  corresponding  to  the  extraction  of  about  1.6  lithium 
ions  per  formula  unit.  The  huge  irreversible  capacity  loss  may  be 
related  with  the  formation  of  solid  electrolyte  interphase  (SEI)  film 
[10],  or  the  decomposition  of  electrolyte  under  the  high  voltage 
(>4.5  V).  The  similar  behavior  has  been  also  observed  by  many 
groups  [10,19,25].  Despite  the  crystal  structure  of  L^MnSiCH  has 
been  destroyed  after  the  first  charge  [26],  the  Li2MnSiC>4/C  nano¬ 
composite  still  shows  a  large  discharge  capacity  of  230  mAh  g-1  for 
the  2nd  cycle,  and  this  value  gradually  decreases  to  ~203  mAh  g-1 
for  the  5th  cycle.  In  the  case  of  the  pristine  Li2MnSi04,  the  discharge 


Fig.  3.  SEM  (A),  TEM  (B)  and  HRTEM  (C  and  D)  images  of  the  prepared  Li2MnSi04/C  nanocomposite. 
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Fig.  4.  Typical  charge-discharge  curves  for  the  initial  5  cycles  (A)  and  cycling  performance  (B)  of  the  Li2MnSi04/C  nanocomposite  and  the  pristine  Li2MnSi04. 


capacity  is  —  196  mAh  g_1  for  the  first  cycle,  —175  mAh  g-1  for  the 
2nd  cycle  and  - 119  mAh  g-1  for  the  5th  cycle,  much  lower  than  the 
counterparts  in  the  case  of  the  Li2MnSi04/C  nanocomposite.  In 
Fig.  4B,  it  is  found  that  the  Li2MnSi04/C  nanocomposite  exhibits  the 
discharge  capacities  of  153  mAh  g-1  and  152  mAh  g  1  for  the  40th 
and  50th  cycles,  respectively.  These  results  are  higher  than  most 
reported  discharge  capacities  for  Li2MnSi04-based  electrodes 
[6,10,24,27].  At  the  end  of  140  cycles,  the  Li2MnSi04/C  cathode 
shows  a  relatively  high  discharge  capacity  of  136  mAh  g-1,  whereas 
the  pristine  Li2MnSi04  exhibits  only  58  mAh  g-1. 

Fig.  5  shows  the  rate  capabilities  of  the  Li2MnSi04/C  nano¬ 
composite  and  the  pristine  Li2MnSi04.  The  charge  and  discharge 
current  densities  are  varied  from  0.05  C  to  1  C.  As  the  current 
density  increases,  the  discharge  capacities  of  both  samples 
remarkably  decrease.  Flowever,  it  is  obvious  that  the  Li2MnSi04/C 
nanocomposite  retains  much  higher  discharge  capacities  than  the 
pristine  Li2MnSi04  at  various  rates.  The  superior  cycling  perfor¬ 
mance  demonstrates  that  the  structural  instability  of  Li2MnSi04  is 
restrained  to  a  certain  extent  by  the  well-coated  carbon  layer  on  the 
surface  of  Li2MnSi04  particles.  In  other  words,  the  carbon  layer 
plays  a  role  of  buffer  during  the  structure  transform  process  from 


Li2MnSi04  to  MnSi04.  In  addition,  the  carbon  layer  coated  on  the 
Li2MnSi04  nanoparticles  provides  rapid  transfer  channels  for  the 
electrons  during  the  charge-discharge  process,  thus  leading  to 
the  enhancement  of  the  rate  performance. 

Electrochemical  impedance  spectroscopy  (EIS)  was  employed  to 
distinguish  the  resistances  in  the  cells.  Fig.  6  shows  the  Nyquist  plots 
of  the  impedance  spectra  for  the  Li2MnSi04/C  and  the  pristine 
Li2MnSi04  electrodes.  Both  Nyquist  plots  typically  consist  of  a  semi¬ 
circle  in  the  high-to-medium  frequency  region  and  a  slope  line  in  the 
low  frequency  region.  The  semicircle  can  be  attributed  to  the  resis¬ 
tance  related  to  the  charge  transfer  between  the  electrolyte  and 
active  material,  and  the  slope  line  is  related  with  the  Li+  diffusion 
(Warburg  diffusion)  in  the  electrode  bulk.  In  the  inset  of  Fig.  6,  an 
equivalent  circuit  is  proposed  to  fit  the  impedance  spectra  of  the 
Li2MnSi04/C  and  the  pristine  Li2MnSi04  electrodes.  In  this  equivalent 
circuit,  Rq  and  Rct  represent  the  internal  resistance  of  the  battery  and 
the  charge-transfer  resistance.  Cd  represents  the  double-layer 
capacitance.  Zw  is  the  Warburg  diffusion  impedance.  The  fitting  Rct 
of  the  prepared  Li2MnSi04/C  electrode  (44.1  Q)  is  much  smaller  than 
that  of  the  pristine  Li2MnSi04  electrode  (95.5  Q),  suggesting  the 
facile  lithium-ion  interfacial  charge  transfer  and  then  the  improved 
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Fig.  5.  Rate  performances  of  the  Li2MnSi04/C  nanocomposite  and  the  pristine 
Li2MnSi04. 


Fig.  6.  Nyquist  plot  of  the  impedance  spectra  of  the  Li2MnSi04/C  nanocomposite  and 
the  pristine  Li2MnSi04. 
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electrochemical  performance.  All  the  above  results  confirm  the 
higher  reversible  capacity,  better  cycling  performance  and  rate 
capability  of  the  L^MnSiCU/C  nanocomposite  than  the  pristine 
Li2MnSi04.  Such  an  excellent  electrochemical  performance  should  be 
attributed  to  the  short  lithium-ion  diffusion  path,  well  coated  carbon 
layer  and  the  improved  electronic  conductivity. 

4.  Conclusions 

L^MnSiO^C  nanocomposite  with  the  size  over  20-50  nm  has 
been  prepared  by  a  facile  solid-state  reaction  using  citric  acid  as  the 
carbon  source.  XRD  pattern  and  TEM  images  validate  the  formation 
of  well-crystallized  Li2MnSi04  nanoparticles  coated  with  a  carbon 
layer  in  a  thickness  of  2—5  nm.  The  L^MnSiC^/C  nanocomposite 
shows  excellent  electrochemical  performance,  including  a  discharge 
capacity  of 268  mAh  g-1  for  the  first  cycle,  and  136  mAh  g_1  after  140 
cycles.  The  rate  performance  of  the  Li2MnSi04/C  nanocomposite  is 
also  greatly  improved  in  comparison  with  that  of  the  pristine 
Li2MnSi04.  The  enhanced  electrochemical  performances  can  be 
assigned  to  the  nanoscale  particle  size  and  the  improved  electronic 
conductivity  induced  by  carbon  coating.  We  believe  the  electro¬ 
chemical  performance  of  Li2MnSi04  can  be  further  improved,  since 
much  fewer  efforts  have  been  devoted  on  it  in  comparison  to 
LiFeP04. 
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